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EXECUTIVE SUMMARY

The MPACT neutronics module of the Consortium for Advanced Simulation of Light
Water Reactors (CASL) core simulator is a 3-D whole core transport code being
developed for the Virtual Environment for Reactor Analysis (VERA) CASL toolset. Key
characteristics of the MPACT code include (1) a subgroup method for resonance self-
shielding and (2) a whole-core transport solver with a 2-D/1-D synthesis method. The
MPACT code requires a cross section library to support all of its core simulation
capabilities; a cross section library would be MPACT’s most influencing component for
simulation accuracy.

Due to the limitation of computing capacity even in high performance computing, the
cross section library must be developed to enhance computational efficiency in memory
and computing time without losing accuracy and generality. This requires a very coarse
energy group structure with about 50 groups. Multigroup (MG) neutron cross section
libraries for the CASL VERA-CS neutronics simulator MPACT have been created by
using the AMPX/SCALE code package developed at Oak Ridge National Laboratory
(ORNL).

A new 51-group structure was developed for efficient simulation to be applicable for
both pressurized water reactor (PWR) and boiling water reactor (BWR) simulations.
New v4.3m1 MPACT 51-group library with the ENDF/B- VII.1 nuclear data were
developed for MPACT. Since SCALE KENO has some issues in the probability table
and has a low cutoff energy for the free gas model, this issue has been corrected. This
study focused on the development of the ENDF/B-VII.1 v4.3m1 MPACT MG library,
including verification and validation.

This document includes the library generation methodology and procedure, the

verification procedure, and benchmark results compared to continuous energy Monte
Carlo results using newly developed cross section libraries.
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ACRONYMS
AMPX resonance processing code; the name is no longer an acronym
ANS American Nuclear Society
CASL Consortium for Advanced Simulation of Light Water Reactors
CE continuous energy (as in cross sections)
CENTRM PW transport code in SCALE
CMFD coarse-mesh finite difference
CTF COBRATF
DBRC Doppler broadening rejection correction
ENDF evaluated nuclear data file
ESSM embedded self-shielding method
GT guide tube
IFBA integral fuel burnable absorber
IR intermediate resonance
IT instrument tube
KERMA kinetic energy released per unit mass
LWR light-water reactor
MCNP Monte Carlo N-Particle
MG multigroup (as in cross sections)
MPACT radiation transport code in VERA; the name is no longer an acronym
NJOY nuclear data code
NLC neutron leakage conversion
NR narrow resonance
ORIGEN Oak Ridge Isotopic Generation code in SCALE
ORNL Oak Ridge National Laboratory
PW pointwise
PWR pressurized water reactor
RI resonance integral
RIA reactivity insertion accident
SAMPX simplified AMPX
SCALE Standardized Computer Analyses for Licensing Evaluations code
SNU Seoul National University
SPH super-homogenization
SQA software quality assurance
T/H thermal/hydraulic
URR unresolved resonance
VERA Virtual Environment for Reactor Applications
VERA-CS VERA Core Simulator
WR wide resonance
XS Cross section
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1 INTRODUCTION

The MPACT [Mpal3] neutronics module of the Consortium for Advanced Simulation of
Light Water Reactors (CASL) [CAS15] core simulator is a 3-D whole core transport code
being developed for the CASL toolset, Virtual Environment for Reactor Analysis (VERA)
[Turl6]. MPACT is under development for neutronics simulation coupled with the
COBRA-TF (CTF) code for thermal-hydraulics simulation for pressurized light water
reactors (LWRs). Key characteristics of the MPACT code include (1) a subgroup method
for resonance self-shielding and (2) a whole-core transport solver with a 2-D/1-D
synthesis method. Thus, the MPACT code requires a cross section library to support all
the MPACT core simulation capabilities.

Multigroup (MG) neutron cross section libraries for the CASL MPACT neutronics code
[Mpal3], which is part of the VERA core simulator, have been developed by using the
AMPX code package [Wial6] and the XSTools software in VERA. The native MPACT
cross section library format, which is based on the HELIOS [Sta98] and DeCART
[Cho02] formats, is the primary structure available for CASL. The 238U resonance self-
shielded cross section tables have been developed based on SCALE KENO, by which
the super-homogenization (SPH) factors have been obtained. KENO has had several
issues, including probability table and a low cutoff energy for the free gas mode. Since
the KENO issues have been resolved, new 238U SPH factors have been estimated and
used to generate the 23U resonance cross section tables. The fuel temperature
reactivity bias still needs to be resolved. MPACT is required to deliver verified and
validated MPACT MG cross section libraries based on the CASL Software Quality
Assurance (SQA) procedure.

This document includes the following:

e The library generation procedure, including the methodology and verification
(Chapter 3),

e Generation of the v4.3m1 MPACT 51-g library with ENDF/B-VII.1 (Chapter 4),
and

e Benchmark calculations and results (Chapter 5),

This study is a part of verification and validation for CASL VERA’s MG cross section
library.

CASL-U-2018-1528-000 1 Consortium for Advanced Simulation of LWRs
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2 LIBRARY GENERATION METHODOLOGY AND PROCEDURE

The VERA neutronics simulator MPACT requires MG neutron cross section data to
solve the Boltzmann transport equation in order to obtain neutron flux distribution. The
evaluated nuclear data files (ENDF/B) are processed to generate MG cross sections by
using the AMPX-6 [Wial6] and SCALE [Scal6] code packages developed at Oak Ridge
National Laboratory (ORNL). The MPACT MG library is generated by using the CASL
XSTools [Kim15] with the AMPX MG master library and other nuclear data. Figure 2.1
illustrates the AMPX/SCALE procedure to generate the AMPX MG library, where the left
side of flow chart shows the conventional procedure, and the right side illustrates the
new procedure to improve the Bondarenko resonance data. This section summarizes
the methodology and procedure to prepare the VERA MPACT MG cross section library.

IRFFACTOR-hom

ENDF/B data‘,...“ .

[ 1 :
: | Broadened data | | [ Probability table | :

neutron_mg
Neutron XS

bondarenko_pro
Bondarenko data

Combined data
|_combine_mgs |
AMPX Library |

AMPX Library 1l

Figure 2.1. AMPX/SCALE Procedure to Generate the AMPX MG Library.

2.1 MULTI-GROUP CROSS SECTION PROCESSING BY AMPX

AMPX-6 [Wial6] is a modular system of FORTRAN computer programs that is used to
generate the MG and continuous energy (CE) cross section libraries for modern
deterministic and Monte Carlo transport codes by processing ENDF/B libraries. Since
the CASL neutronics simulator MPACT is a deterministic transport code, only the AMPX
MG library generation procedure is discussed here.

The AMPX MG library includes various neutron reactions of the Bondarenko F-factors,
which are defined as ratios of resonance self-shielded cross sections to infinite dilution
cross sections as a function of background cross sections for all energy groups,
including resolved and unresolved resonances. The resolved resonance F-factors have

Consortium for Advanced Simulation of LWRs 2 CASL-U-2018-1528-000
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been generated by the narrow resonance (NR) approximation, and the unresolved
resonance F-factors have been generated by the probability table method based on the
NR approximation [Cul74, Kim18]. MG cross sections and scattering matrices were
obtained by using a weighting function of Maxwellian spectrum + 1/E + fission spectrum.
At low energies, the weighting function is a Maxwellian spectrum which has a flux shape
that assumes the neutron scatters into a region with a free gas scatterer with no
absorption. The Maxwellian flux spectrum has the following formula:

E

HE)=M(E)=Ee ¥, (2.1)

where E denotes neutron energy, k denotes the Boltzmann constant, and T denotes
temperature of the material in Kelvin. In the slowing down range, 0.125 eV < E < Ecut,
the weighting spectrum is assumed to be #E) = 1/E. The cutoff energy Ecut for the
slowing down range must be selected and is typically 55 keV by default in the AMPX
modules. In the region Ecut < E < 107 eV, where fission neutrons are born, the following
fission spectrum is used.

E

AE)=E)=E" 9, (2.2)

where 6 is temperature of the fission spectrum (e.g., 1.2 x 10° eV). For energies above
107 eV, the particles are considered to be in another slowing down region, so the
spectrum is assumed to have a 1/E shape.

MG self-shielded cross sections of reaction type i (Bondarenko F-factors) as a function
of background cross sections (ov) and material temperature (T) are calculated by using
the following equation based on NR approximation:

[T Eligle) o
(T.o)=? o,(T,E)+o,
0,4(T,00) = ,
O'o¢(E) dE

gat(T,E)+0'0

(2.3)

where T denotes temperature, and ot is total cross section. The MG scattering matrix
can be obtained by

o -1
#1199 j #(E )dE

g

[V(E)o,(E)H(E)E] f,(E,E)E", (2.4)

g

where y(E) is a multiplicity which is unity for scattering, and f;(E,E") is a normalized
double differential distribution. It should be noted that the scattering matrix data (not for
thermal scattering matrices) are temperature-independent in the AMPX MG library.

CASL-U-2018-1528-000 3 Consortium for Advanced Simulation of LWRs
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Typically, NR approximation could be a good solution for the unresolved resonance
(URR) energy range in which pointwise (PW) neutron spectrum could be approximated
in terms of total and background cross sections. Since the probability tables are
provided at the URR energy range, including cross section levels and weights, MG self-
shielded cross section tables (F-factor tables) could be obtained by using an NR
approximation with a probability table, as follows:

J, 2 P"ol (E)F"(E. 00 )dE
0,.4(0p) = Igzpmcﬁm(E,ao)dE (2.5)
(Dm(E’O'o)=ﬁ¢(E), (2.6)

where
o, = background cross section,
ot = a cross section level of the level m and reaction x,
o™ = atotal cross section level of the level m,
p™ = a probability of the level m, and
0.4 = a self-shielded cross section of reaction x.

In the standard SCALE sequences (e.g., TRITON), self-shielded MG cross sections and
scattering matrices for resolved resonance and thermal energy groups are determined
by performing the problem-dependent CENTRM slowing down transport calculation for
each pin cell type with Eqg. (2.7). Therefore, the resolved resonance data in the AMPX
MG library are not used.

Q-Viy +2,(F,u)p(F,u,0Q)= L”dg'joﬁuzs(r,u'—) u, Q- Oy (F,u, ) +q(F,u,Q), (2.7)

where
Q = neutron direction,
I = space coordinate,
U = neutron lethargy,
v = angular flux,
¥, = macroscopic total cross section,
X, =double differential scattering cross section, and
q = external source.

However, since the Bondarenko approach for the resonance self-shielding calculation
does not include any problem-dependent PW slowing down calculations, a weighting
function would make a significant impact on the accuracy, mostly through the scattering
matrix. The weighting function of Maxwellian spectrum + 1/E + fission spectrum is far
from realistic. Practical weighting functions for various temperatures can be obtained by
performing the CENTRM MG/PW calculations for a typical PWR fuel pin. Figure 2.2

Consortium for Advanced Simulation of LWRs 4 CASL-U-2018-1528-000
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provides a sample of PW neutron spectra obtained by CENTRM. This would be
performed using the XSProc sequence with “parm=centrm”; the weight functions must

be generated to include various temperatures.

7.0

—— Fuel
60 | Clad
—— Moderator

5.0

4.0 i i

3.0 i

Pointwise neutron flux

20

1.0

i
0.0

1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08
Energy (eV)

Figure 2.2. Pointwise Neutron Spectra Obtained by CENTRM.

There is a pending issue associated with the PW weighting function in the Bondarenko
approach. Since resonance self-shielded cross sections are independently estimated,
they are independent of the PW weighting function. In reality, since the current MPACT
procedure includes resonance data only for the specified energy groups, self-shielded
cross sections of nonresonance groups should be dependent on the weighting functions.
MG scattering matrices are obtained by simple Po flux moment weighting, and
renormalization is applied only to total scattering, within-group, and out-scattering
components. Therefore, this procedure may introduce incorrect neutron fluxes, resulting
in some errors in reaction rates. PW neutron spectra are very changeable according to
2354 enrichment, moderator-to-fuel ratio, burnup, and void fraction. Therefore, selecting
the weighting function would be challenging.

2.2 IMPROVEMENT OF RESONANCE DATA

2.2.1 Intermediate Resonance (IR) Approximation and Parameters

To cast the scattering source term into a more tractable form, the intermediate
resonance (IR) approximation is introduced. In this approximation, the fraction A; of the
scattering for each isotope i is assumed to be so effective that the maximum lethargy
gain per collision is significantly greater than the practical resonance width (i.e., the NR
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scattering) [Sta83, Sta03]. A resonance affects only a small interval of the integration
range from u-4ito u, and its contribution to the scattering source Q(u) is negligible.
Outside the resonances, Zsi(u)=2p and @(u)=constant, so the contribution of isotope i to
Q(u) is AiZpi. This is the unperturbed slowing down source. Conversely, the remaining
fraction (1-4;) is assumed to be so ineffective that neutrons gain a negligible amount of
lethargy compared with Aug (i.e., the wide resonance [WR] scattering). The resonances
are so wide that the integrand can be replaced by its average value, which leads to the
(2-4i) Zsi(u) (u) contribution to the source Q(u). Thus, this fraction of scattering does not
provide source neutrons from outside the resonance widths, but it should be considered
as a result of self-scattering, which neither adds nor removes neutrons. With these
approximations, Eq. (2.7) can be rewritten for the coarse energy groups:

Q'Vl//g,k +Zztg,tl//g,k(f2) :zﬂ’l gzrp—i_Z(l |gs gk (28)

Eq. (2.8) can be rewritten by assuming isotropic angular flux and 2ip=2i4s as
Q Vl//gk +Z(2|ga+ﬂ’|gz:(p)l//g,k(é):zﬁ’| gzrp (29)

For the homogeneous mixture, the self-shielded flux can be obtained from Eq. (2.9) as

¢ B z/llg i.p B /’ngp
T 22'934_22"9 i.9.8 Zgya+ﬂ“gzgy5

i=resonance

(2.10)

The IR parameter [Gol62] can be defined as a probability passing through resonance
without any reaction, which correlates the NR and WR approximations. Since the atomic
mass of hydrogen (*H) is very close to unity, the lethargy gain of any neutron colliding
with hydrogen is very large, and the neutron can scatter beyond a resonance without
any collision. This is essentially the same as the NR approximation. Therefore, for
hydrogen, the IR parameter is defined as unity. For other nuclides, the IR parameter is
obtained by comparing results of various 23U/*H mixtures where the hydrogen is partly
replaced by the other isotopes [Les87]. This is often referred to as a hydrogen-
equivalence parameter.

First, a self-shielded cross section table, o3 vs. 0238 must be prepared by performing
slowing down calculations with various hydrogen atomlc number densities (N1) with a
fixed 238U atomic number density (N%38). The background cross sections can be
obtained using the following equation, assuming the *H (1) and #%8U (22°%) IR
parameters to be unity.

stsﬂ238 238+N1/11 1 _ZNi/iiG
O'gz,gb8 - : Glzlzss o == NRg p ’ (211)
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Then the slowing down calculation is performed for a mixture of 238U, 'H and a target
nuclide x. A new g3 is calculated, and the corresponding ¢;3° is read from the
prepared ¢3¢ table. The IR parameter (43) for a nuclide x can be obtained by using Eq.

(2.12),

238\ | 238 238 1238 __238 1191 1
7 =O'g’bN -N"A 0" - N4 o,

] N XU;

, (2.12)

where g} is the potential cross section. The IR parameter of 233U should be determined

first, and then the IR parameters of other nuclides should be evaluated. The LAMBDA
program shown in Figure 2.1 computes all of the IR parameters for all nuclides by using
this procedure.

2.2.2 Resonance Self-Shielded Data by Homogeneous Models

The energy dependence of the cross sections in the library has been discretized by
dividing the energy range of interest, 10-°eV—20MeV, into a number of broad groups.
These cross sections have been obtained by flux-averaging PW cross sections—
sometimes more than 10° points with typical reactor spectra. However, this procedure is
impractical for the resonance isotopes in the range from 100KeV-1eV. In this range, the
cross sections exhibit many resonances, so thousands of energy groups would be
required for a satisfactory discretization. In general, the number of resonance groups is
limited to 5-30 for very coarse group structures including 50—60 energy groups, though
SCALE generally uses well over 250 energy groups. The objective of the resonance
treatment is to evaluate the effective cross section for the resonance isotopes in all
resonance energy groups:

[o, )p(u)du

Oy =" I¢(u)du . (2.13)

AUQ

In Eq. (2.13), the lethargy (u=In(Eo/E), Eo=10MeV) is used instead of the neutron
energy, and x represents a reaction type. However, the library data available for this
purpose are in tables of group-dependent resonance integrals (RIs), or the numerator of
Eq. (2.13) vs temperatures and background cross sections. In CENTRM, the flux in

Eq. (2.13) is calculated by solving the neutron slowing down equation for homogeneous
or heterogeneous system.

To describe the slowing down equation in a homogeneous infinite system containing a
mixture of isotopes, indexed i, of which one is a resonance absorber, the following three
assumptions are used:
a. Nonresonance isotopes have negligible absorption and a constant potential
scattering cross section for the resonance energy range.
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b. Resonance isotopes have resonance absorption cross sections as represented
by ocxi(u), and scattering cross sections as represented by ors,i(u), in addition to
the potential scattering cross section, opi. However, apart from the resonance
energy region, these resonance absorption and scattering cross sections are
negligible.

c. The resonances are so well separated that the flux between them has its
constant asymptotic value, as it is set to 1.

With these assumptions, the slowing down equation at the resonance energy region,
away from fission sources, is given by

Z(u)p(u) = Q(u),

Q) =3[, %)) 2y, @14)
i ! -,
where
. =No,,
Z (U) = Zpi +er,i (U):
Zi(u) =Zsi (u)+zai (U),
>(u) =Zzi(u), (2.15)
o, = (A~ I(A +1)?,
A ==In(,).

In EqQ. (2.15), 2{u) is the total macroscopic cross section, and N is atomic number
density, while Ajis the atomic mass, and Ai is the maximum lethargy gain per collision
with isotope i. 1-¢ is the maximum fractional energy loss per collision with isotope i.

In a homogeneous system, for a given composition, the self-shielded cross section can
be calculated using Egs. (2.13) through (2.15), and the corresponding background cross
section can be calculated using Eq. (2.16).

ZNiAiai'p
Oy =%. (216)
R

Different background cross sections can be obtained by using various composition
mixtures, typically a mixture of 'H and a target resonance nuclide, creating a self-
shielded cross section table as a function of background cross section. Therefore, for a
given composition, the corresponding background cross section can be easily
calculated using Eq. (2.16), and the self-shielded cross section can be read from the
table directly.
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2.2.3 Resonance Self-Shielded Data by Heterogeneous Models
In a heterogeneous system, for a given composition and geometry, the self-shielded
cross section can also be calculated using Egs. (2.13) through (2.15). However, since
there is a leakage effect in Eq. (2.7), Eq. (2.13) cannot be used to obtain the
corresponding background cross section. Therefore, the equivalence theory between
the infinite homogeneous and heterogeneous problems was devised by introducing an
equivalence cross section (2¢), as follows:

T,=A%, — I, =A% +Z,. (2.17)

Thus, the balance equation with an equivalence theory and an elimination of the
scattering resonance (12s) becomes:

(Z, +AZ, +2Z)p=AZ, +Z,. (2.18)

The background cross section is not a physical quantity, but an artificial one used to
retrieve the correct self-shielded cross section at a given composition and geometry. It
is only important to be consistent in the procedures between its generation and its use.
Therefore, the elimination of the scattering resonance is possible as long as consistency
is maintained. In a heterogeneous system, the self-shielded scalar flux can be obtained
by solving Eq. (2.8) with a self-shielded absorption cross section obtained by solving

Eq. (2.7). The corresponding background cross section is obtained as follows:

5, Z NAoi g, +2

o NR NR

g.e
g.a

9

«

. (2.19)

(o}
O =
1

«

The following is a procedure to obtain the self-shielded cross section table by using the
heterogeneous models.

a. Compute the PW slowing down calculations with Eq. (2.7) by using CENTRM for
the heterogeneous models.

b. Edit various MG self-shielded cross sections for various reactions, including
capture (ogy,a), fission (ogy ), elastic scattering (og,s) and within-group elastic
scattering, using Eq. (2.13).

c. Solve the MG fixed source Eq. (2.8) or (2.9), which is called the embedded self-
shielding method (ESSM) [Wil12] equation, with oy,a from step b to obtain the
scalar flux (¢y).

d. Obtain the corresponding background cross section (og) using Eq. (2.19) for the
heterogeneous model.

e. Repeat steps a—d, changing the geometry and composition configurations to
obtain different background cross sections.

f. Complete the self-shielded cross section tables as a function of background
cross section for various reactions.

g. Repeat the above procedures for various temperatures.

CASL-U-2018-1528-000 9 Consortium for Advanced Simulation of LWRs



V&YV of the ENDF/B-VII.1 v4.3m1 MPACT 51-g Library

Various background cross sections can be achieved by changing geometrical and
compositional configurations, as shown in Table 2.1.

Table 2.1. Variations for 28U for the Heterogeneous Models

Case 1123|4567 |8|9|10|11|12 |13 |14 |15 |16 | 17 |18 | 19

Fuel 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Volume Clad 1 111111 111

.-\
-
-
-
-
-
-
-
-
-
-
-

Mod 1 1 1 1 1 2 |5

2]
2]
]
(8]
(6]
(8]
(6]
(]
(8]
(€]
(8]
(6]

235 1 1 1 1 1 1 1 l llll 1ii1 1 1 1
2| 4|8 |16| 32 (10%2|102|102|102|102| 102|102
1(1]|1(1]1 1|31 1 1 1 1
Fuel 2y |1 |1 |11 ]1]|1]1]=]2]=2|=]|= | = —
2| 4|8 |16| 32 (10%2|103|103|10%|105|107|108
11111 1 1|1 1 1 1
%0 |1 |1 |11 (1|11 2|22 | —|—|—|—/— | — | —|—
2| 4|8 |16| 32 (10%2|102|102|102|102| 102|102
1H io.zo.5o.75111111111111111
400
H20
16oio.zo.5o.75111111111111111
400

In EqQ. (2.13), the numerator is defined as an RI with the flux and cross section. In
Stamm’ler and Abbate’s work [Sta83], the self-shield cross section is approximated
using the background cross section and the RI:

_ Rg,a(Gb) 2 20
Gg,a(ab)_l_Rg’a(O_b)/O_b ! ( ) )
and
Rgvf (Gb)
voy ¢ (0,) = : (2.22)

1-R,.(00) 0y

where vis the number of neutrons released from a fission, and Rga and Rg, s are
absorption and v*fission RIs, respectively. Using Egs. (2.20) and (2.21), the self-shield
cross section table can be converted into the RI table.

2.2.4 Self-shielded data for within-group elastic scattering

The AMPX MG library does not include a temperature-dependent elastic scattering
matrix, which results in temperature bias when performing self-shielding calculation
based on Bondarenko approach. Recently, a new MT=2022 has been added to
consider removal correction to generate a temperature-dependent elastic scattering
matrix. The new MT=2022 is for the within-group cross section (a;"'th"”) for elastic
scattering, which includes resonance self-shielded cross section tables. If the
background cross section is determined by the ESSM or subgroup method, then the
total elastic and within-group elastic cross sections can be obtained through
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BCNASI
interpolation. The temperature-dependent elastic scattering matrix at temperature T can
be obtained by using the following equations:

~e|ast|C(T) — W|th|n( ) (222)

O_elastiC(T) _ within(-l-)
Z elastm(T )_ elastm(-l- )

g’

~e|ast|0(-|-) — eIasth(T ) (223)

2.3 SUBGROUP DATA GENERATION

2.3.1 Subgroup metho